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TiO2 nanoparticles have widely been used as a photocatalyst to eliminate organic contaminants 
from wastewater. However, the lack of selectivity is considered as one of the main drawbacks of 
TiO2 nanoparticles in wastewater treatment applications. To overcome this problem, this study aims 
at developing highly adsorbent photocatalysts with tunable selective photocatalytic activity. To this 
end, the selective photocatalysts of anatase TiO2 nanoparticles and TiO2/SiO2 nanocomposites with 
different surface charges were synthesized through a sol-gel method. TiO2/SiO2 nanocomposites 
were prepared based on three molar ratios of Ti:Si, which were 1:0.43, 1:1, and 1:2.33. Two 
isolation procedures of base-precipitation (BP method) and solvent-evaporation (SE method) were 
adopted to extract the nanoparticles from the colloids and clarify their impact on selective 
performance of the photocatalysts. The sequential decolorization processes of aqueous dye 
solutions consisting of methylene blue (MB) and methyl orange (MO) in the presence of 
photocatalysts were monitored under UV illumination and used as probes to compare the selective 
behaviors of TiO2 and TiO2/SiO2 powders. The results revealed that while commercial TiO2 
(Degussa P-25) decomposed both dyes non-selectively, the synthesized photocatalysts induced a 
selective and sequential decomposition of dyes. The samples prepared through the BP and SE 
methods showed selective adsorption and photocatalytic activity in favor of cationic MB and 
anionic MO dye molecules, respectively. The presence of silica significantly increased the MB dye 
adsorption on photocatalysts prepared through BP method compared with pure TiO2. The isolation 
method of nanoparticles had a direct impact on surface charge and selective performance of 
photocatalysts.  




The ever increasing environmental pollution has urged scientists and industries to find new 
methods and materials to alleviate this problem. Advanced oxidation processes (AOPs) have 
widely been employed to eliminate organic contaminants from wastewater [1, 2]. This process 
is based on the generation of reactive species for eliminating pollutants in effluents prior to 
discharging into the environment [3, 4]. Heterogeneous photocatalysis using TiO2 
nanoparticles is among the feasible approaches to tackle environmental contamination issues 
[5]. The UV-induced photocatalytic activity of TiO2 nanoparticles has been utilized in the 
removal of aquatic and atmospheric organic contaminants [6-8]. Pure TiO2 photocatalyst has 
widely been used due to its biological and chemical inertness, non-toxicity, abundance and 
high reactivity [9]. When TiO2 is activated under UV ray with wavelength lower than 388 nm, 
it generates negative electrons and positive holes. The excited electrons and produced holes 
react with oxygen and water molecules to produce superoxide anions and hydroxyl radicals, 
respectively [8, 10, 11]. These products readily react with organic contaminants available in 
their surroundings and break them down into water and carbon dioxide [10]. The 
physicochemical parameters of TiO2 nanoparticles, such as crystallinity, particle size, and 
surface area can impact their photocatalytic performance [12, 13]. Although TiO2 is considered 
as the most versatile semiconductor with promising photocatalytic activity, it shows a non-
selective trend in decomposing various types of organic compounds [14]. The lack of 
selectivity is considered a downside for TiO2 as a photocatalyst, restricting its applications in 
the wastewater treatment systems [14, 15]. The lack of selectivity becomes more serious when 
the applied photocatalyst cannot differentiate between highly toxic contaminants in low 
concentration and non-hazardous organic compounds [15]. Under this condition, the 
adsorption capacity of photocatalyst surface will be saturated with other organic substances 
which mostly exist in higher concentrations in the wastewater. Therefore, it is important to 
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develop photocatalysts with selective photocatalytic activity [16]. The selective degradation of 
contaminants in a complex mixture is mainly based on enhancing the affinity of target 
molecules towards TiO2 nanoparticles surface and increasing their preferential adsorption rate 
[14]. The selectivity of TiO2 nanoparticles can be achieved by several methods, such as 
manipulating TiO2
’ surface charge, particle size, crystallinity, and porosity [16-19]. Therefore, 
it is expected that if the photocatalytic selectivity of TiO2-nanoparticles can be tuned, 
heterogeneous photocatalysis would become a more feasible approach to eliminate the 
contaminants or collect the desired compounds from wastewater systems.   
A huge amount of highly concentrated dye effluent is generated by different industries such as 
textile, paper, plastic, leather, food, and cosmetics every year [20-22]. It is estimated that 
around 28,000 tons of synthetic dyes of various categories including acidic, azoic, and reactive 
dyes among others are discarded into the environment annually. The release of colored and 
non-purified wastewater to nature can cause the depletion of dissolved oxygen which can be 
lethal to aquatic life [20, 23]. Also, some dyes are toxic and even carcinogenic, therefore they 
are considered a major environmental and health concern [24]. Currently, traditional chemical 
and biological treatment methods, such as chemical oxidation and reduction, precipitation, and 
photolysis, are common techniques used in effluent treatment [25, 26]. However, there are 
some limitations in using these methods such as lack of adaptability, low efficiency and high 
cost [25]. Also, biological methods are not effective enough for the treatment of dye effluents 
due to the slow process and resistance of some dyes to microorganisms. Adsorption of colorants 
by highly adsorbent materials has been put forth as an effective and economic approach to 
eliminate dyes from wastewater [27]. The application of TiO2 and other types of photocatalysts 
has also been promising to overcome these hurdles.  
There have been investigations on the application of TiO2 particles as a selective photocatalyst. 
Liu et al [28] reported the preferential degradation of azo dyes by synthesized hollow TiO2 
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microspheres having ca. 20 % of [001] facet prepared through a fluoride-mediated self-
transformation method. They assessed the impact of post-washing process with NaOH and 
calcination on the selective photodegradation of MO and MB dyes [28]. The photocatalyst 
treated with NaOH showed preferential degradation of MB over MO in the mixture dye 
solution [28]. However, the maximum initial dye adsorption for samples through this method 
was only 53 %. Lazar and Daoud [17] synthesized anatase TiO2 nanoparticles through a sol-
gel method and assessed the impact of basic-precipitation process on surface charge 
manipulation of nanoparticles and selective dye removal. It was reported that the isolation 
approach of nanoparticles from colloids had a direct impact on the surface charge of TiO2 
nanoparticles. However, there was no report in their work about recovery and reusability of the 
synthesized photocatalysts. Inumaru and colleagues [29] embedded TiO2 (P-25) nanoparticles 
into mesoporous silica and investigated the obtained selectivity towards degradation of mixed 
alkylphenols in water. It was reported that pore size of silica matrix was an effective parameter 
for determining the selectivity of photocatalysts [29]. Nadrah et al [30] synthesized the core-
shell structure of TiO2/SiO2 photocatalyst and investigated the selective removal of cationic 
rhodamine B (RhB) dye and anionic fluorescein sodium salt in the presence of high 
concentrations of macromolecules such as humic acid and starch. They demonstrated that the 
TiO2/SiO2 outperformed pure TiO2 in degrading the pollutants in the presence of organic 
macromolecules [30]. In their research the selectivity was only observed for TiO2/SiO2 
photocatalyst synthesized in the form of core-shell structure [30].  
There have been numerous reports on photocatalytic aspects of TiO2 and TiO2/SiO2 
nanocomposites; however, only few of them have focused on selective photocatalytic activity 
of these nanostructures [16, 30, 31]. In this study, TiO2 nanoparticles and TiO2/SiO2 
nanocomposites with controlled surface charges were synthesized through the sol-gel method 
and their preferential adsorption behavior, adsorption kinetics and selective photocatalytic 
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activity were thoroughly investigated. The synthesized TiO2/SiO2 nanocomposites showed 
enhanced preferential adsorption capacity and selectively degraded cationic methylene blue 
(MB) and anionic methyl orange (MO) dyes in an aqueous mixture solution under UVA 
irradiation. The impacts of silica content, the samples synthesis method and physiochemical 
properties such as crystallinity, surface charge, and surface characteristics on selectivity of 




Titanium tetraisopropoxide (TTIP 97 %) and tetra ethyl orthosilicate (TEOS) (Sigma–Aldrich), 
hydrochloric acid 37 % (Ajax Finechem, Australia), glacial acetic acid and sodium carbonate 
(Rowie Scientific, Australia) were employed in the synthesis process of colloids and 
nanoparticles. Methylene blue (C16H18ClN3S) and methyl orange (C14H14N3NaO3S) dyes were 
used as cationic and anionic dye molecules, respectively (Fig 1). Commercial TiO2 
nanoparticles (P-25, 20 % rutile and 80 % anatase) were purchased from Degussa. 
 
Fig 1: Molecular structures of a) MO and b) MB dyes 
2.2.Synthesis of nanoparticles 
A bluish 5% TiO2 colloid was synthesized through a low-temperature sol-gel method at 60 ºC 
by controlling hydrolysis and condensation reactions of titanium tetra isopropoxide (TTIP, 97 
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%) as reported in our previous works [11, 32-34]. The TiO2 colloid was prepared through 
adding 1.4% hydrochloric acid (HCl, 37%) to the mixture of TTIP, glacial acetic acid and 
deionized water at 60 ºC and refluxing for 2 h. Tetra ethyl orthosilicate (TEOS, 98%) was used 
as the precursor of silica. The precursor was added to the acidified aqueous media with a molar 
ratio of TEOS: H2O 1:20 and stirred at room temperature for 2 h until a clear transparent sol 
was obtained. The sol was stored for 16 h before use. To prepare the composite sols of 
TiO2/SiO2 1:0.43, 1:1, and 1:2.33, the silica sol was added dropwise into the TiO2 sol at pH=3 
at room temperature and then stirred for 2 h in dark.   
The suspended nanoparticles were extracted from the colloids through base-precipitation (BP) 
and solvent-evaporation (SE) methods. In the BP method, the nanoparticles were settled down 
immediately after adding an adequate amount of sodium carbonate into the acidic sol. The 
precipitated solid part was collected and washed through centrifugation process several times 
until neutral pH was obtained and then dried at 80 ºC for 24 h. In order to understand the impact 
of isolation approach, the nanocomposite of TiO2/SiO2 1:2.33 was prepared through the SE 
method as well. In this method, the solvent of the colloid (TiO2/SiO2 1:2.33) was evaporated 
simply through moderate heating and the remaining solid part was collected and rinsed several 
times with water through centrifugation. The samples were dried at 80 ºC for 24 h.  
2.3.Characterization methods  
X-ray diffraction (XRD): The crystalline structure of the synthesized photocatalysts was 
investigated using X-ray diffractometer (X’Pert Powder, PANalytical, Netherlands) with a Cu 
Kα radiation over 2θ range of 20-80° operating at 40 kV and 30 mA. The lattice parameters 
and crystalline sizes of nanoparticles were calculated based on Bragg (Eq 1) and Scherrer (Eq 
2) equations, respectively [35, 36].      
Lattice Parameter (d)=  λ/2 sin θ                                          (Eq 1)         
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Crystalline size= 0.9λ×180/FWHM×π×cos (θ)                   (Eq 2) 
UV-Visible spectrophotometer: UV-vis spectra of solutions were measured using Varian Cary 
3E UV-Vis spectrophotometer (USA).  
Fourier-transform infrared (FT-IR): FTIR spectra of powders were measured by Bruker 
Vertex 70 FTIR spectrometer (Germany) using the KBr pellet technique over 400-4000 cm-1.  
Specific surface area and pores size measurement: The Brunauere-Emmette-Teller (BET) 
specific surface area of synthesized samples was measured at 77K according to the N2 
adsorption using a Quantachrome Autosorb Automated Gas Sorption System (USA). The pore 
size distribution was determined based on using the Barrett-Joyner-Halenda (BJH) model by 
the same instrument.  
Microscopic and compositional analyses: Scanning electron microscopy (SEM) images and 
energy-dispersive X-ray spectroscopy (EDX) spectra of powders were taken using Zeiss Supra 
55VP (Germany). The elemental mapping was performed using JEOL 7800F (USA). 
Transmission electron microscopy (TEM) images and selected area electron diffraction 
(SAED) patterns were taken with a JEOL TEM-2100F microscope (Japan) with an acceleration 
voltage of 200 kV. The TEM samples were prepared by dipping a 300 mesh holey carbon-
coated copper grid into a diluted dispersion of the sample (~50 µg mL-1) and air-drying. 
Measuring surface charge: The zeta potentials of synthesized particles were measured using a 
zetasizer instrument (Malvern Instruments Limited, UK). 
2.4. Selective photocatalytic activity 
The selective degradation test was carried out by monitoring the degradation rate of MB 
(10mg/L) and MO (10mg/L) mixture solution in the presence of photocatalysts under UVA 
(UV lamp, OH M 30/50 E, 500W Original Hanau, Germany) illumination (Fig S1 shows the 
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spectrum of the UVA lamp used in this work). All experiments were conducted in quartz 
vessels equipped with quartz lids. The amount of catalysts in the 50 ml dye solution was 
theoretically calculated based on 5 mg TiO2. The mixture of dyes and powders was stirred in 
dark for 1 h to achieve adsorption-desorption equilibrium. The stirring was continued during 
the illumination, and at different time intervals, 3 ml of solution was collected. The collected 
samples were centrifuged to separate the suspended particles and then absorption spectra of the 
supernatant were recorded using UV-vis spectrophotometer. The degradation of MB and MO 
dyes was monitored through measuring their characteristic λmax at 662 and 470 nm, 
respectively. The variation in dye solution was reported as C/C0 where C0 was the initial 
concentration of dye solution and C was the dye concentration measured after different UV 
illumination periods.  
2.5.Adsorption experiments 
The adsorption of MB dyes on the synthesized nanoparticles was assessed by analyzing the 
reduction of MB dye concentration in the presence of nanoparticles. 50 ml of MB dye solutions 
(2.5, 5, 10, 15, 20, 30 mg/L) and nanoparticles were mixed in dark and at different time 
intervals the concentrations of dye solutions were measured using UV-vis spectrophotometer. 
The adsorbed amounts of MB on nanoparticles at the equilibrium time were calculated using 
the mass balance equation (Eq 3) [37]:  
qe = (C0-Ce)V/M                                    (Eq. 3)  
Where qe is the MB adsorption amount at equilibrium state, C0 (mg/L) is the initial 
concentration of MB dye solution, Ce (mg/L) is the concentration of dye at equilibrium time, 
V (l) is the volume of the solution and M (g) is the mass of the nanoparticles. To study the 
adsorption kinetics, the amount of adsorbed MB adsorption at time t was calculated using the 
equation 4:  
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qt = (C0-Ct)V/M                                     (Eq. 4) 
Where qt is the adsorption amount at time t, C0 (mg/L) is the initial concentration of MB 
solution, Ct (mg/L) is the concentration of dye solution at time t. V and M are the volume of 
the solution and mass of the nanoparticles, respectively.  
3. Results and discussion 
3.1. Characterization of synthesized photocatalysts 
The crystalline structure of synthesized samples was investigated based on the XRD patterns 
(Fig 2). The obtained results showed the characteristic peaks of anatase crystalline structure of 
TiO2 nanoparticles as the dominant phase. The diffractions at 2θ of 25.2º, 37.92º, 47.62º, 
54.25º, 62.35º, 69.7º and 75.2º represented the lattice parameters of 3.51(101), 2.37(004), 
1.88(200), 211(1.66), 204(1.48), 220(1.34), and 1.26(215) in TiO2 nanocrystalline structure, 
respectively [38]. Based on the Scherer equation, the crystallite size of pure TiO2 nanoparticles 
was 4.63 nm. Likewise, for TiO2/SiO2 1:0.43, 1:1 and 1:2.33 samples synthesized through BP 
method, the (101) diffraction of TiO2 appeared at 2θ of 25.15º, 25.16º and 25.2º and calculated 
crystallite sizes were 4.35, 4.7, and 4.35 nm, respectively. For the TiO2/SiO2 1:2.33 prepared 
through SE method, (101) peak appeared at 2θ of 25.2º corresponding to the crystallite size of 




Fig 2: XRD patterns of samples, a) TiO2, b) TiO2/SiO2 1:0.43, c) TiO2/SiO2 1:1, d) TiO2/SiO2 
1:2.33 BP, e) TiO2/SiO2 1:2.33 SE 
Fig 3 shows the FTIR spectra of synthesized powders. The broad absorption peak around 3400 
cm-1 is related to the stretching vibration modes of O─H bands of adsorbed moisture and water 
molecules. Similarly, the peak at 1620 cm-1 was ascribed to the bending vibration of H─OH 
groups of chemisorbed water and Ti─OH bond [38]. The peaks at 650 cm-1 as well as 479 and 
473 cm-1 were assigned to the presence of Ti─O─O and Ti─O─Ti bonds as indicated in the 
figure. For all the samples containing silica, the peaks at 1000–1150 cm−1 were assigned to the 
asymmetric stretching vibrations of the Si─O─Si band [39, 40]. The peaks at 780 cm-1 and 440 
cm-1 were related to the symmetric stretching vibrations of the Si─O─Si band [40]. The peaks 
at around 950-1000 cm-1 correspond to the presence of Si─O─Ti linkage stretching band [39, 
41]. The peaks related to CH3 appeared mostly because of the use of acetic acid in the synthesis 




Fig 3: FTIR spectra of the photocatalysts, a) TiO2, b) TiO2/SiO2 1:0.43, c) TiO2/SiO2 1:1, d) 
TiO2/SiO2 1:2.33 BP, e) TiO2/SiO2 1:2.33 SE 
Fig 4 illustrates nitrogen adsorption–desorption isotherms and pore size distribution curves of 
the synthesized samples. The results showed that pure TiO2 nanoparticles had a specific surface 
area of 260.14 m²/g with an average pore size of 3.9 nm. The corresponding isotherm for TiO2 
was Type IV which is the characteristic type of isotherm for mesoporous materials. The specific 
surface area significantly increased after adding silica in the nanocomposite of TiO2/SiO2 
1:0.43 where the surface area of 491.67 m²/g and smaller average pore and volume were 
obtained. Compared to pure TiO2, the initial N2 adsorption of TiO2/SiO2 1:0.43 was higher, 
indicating the existence of higher volume of mesopores in the composite structure [42]. The 
sorption isotherm of TiO2/SiO2 1:0.43 can be categorized as Type I with hysteresis loops of 
Type H2. This type of isotherm occurs in microporous materials or sometimes in mesoporous 
solids with pore sizes close to the micropore range [43]. Further increasing the content of silica 
resulted in lower specific surface area and larger average pore sizes (Table 1). The presence of 
excessive amount of silica in the system could result in larger aggregated particles and also 
cover the mesoporous structures thereby increasing the average pore size and pore volume [44]. 
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The isotherms related to TiO2/SiO2 1:1 and 1:2.33 BP can be categorized as Type IV with 
distinct hysteresis loops of Type H2 and H1, respectively. The hysteresis loops of Type H2 is 
observed for materials with uniform channel like pores while the hysteresis loops of Type H1 
is related to agglomerated particles with uniform cylindrical pores [43]. For TiO2/SiO2 1:2.33 
SE, the surface area and average pore size diameter were calculated as 248.56 m²/g and 4.44 
nm and the corresponding isotherm was Type IV with hysteresis loops of Type H2. Therefore, 
the silica content and isolation approach were both significantly effective in the samples’ 




Fig 4: a) N2 adsorption-desorption isotherms of the synthesized powders, and b) 
corresponding pore size distribution  
Table 1: BET surface area and pore size parameters of synthesized powders 




Pore volume  
(cm3g-1) 
TiO2 260.14 3.932 0.210 
TiO2/SiO2 1:0.43 491.67 3.504 0.158 
TiO2/SiO2 1:1 266.12 6.272 0.381 
TiO2/SiO2 1:2.33 BP 170.31 10.084 0.528 
TiO2/SiO2 1:2.33 SE 248.56 4.443 0.29 
 
Fig 5 shows the SEM and TEM images of TiO2 and TiO2/SiO2 nanocomposites. The SEM 
images show an interconnected agglomerated porous morphology of the synthesized samples. 
Through the addition of silica, a mixture of TiO2 and silica nanoparticles was obtained forming 
a porous composite (Fig 5d and 5g). EDX analyses confirmed that Ti, Si, C and O are the 
dominant elements in the composite system (Fig S2). TEM images and SAED patterns were 
also used to further investigate the structure and crystallinity of nanoparticles. The crystalline 
structure of pure TiO2 powder synthesized at 60ºC can be seen in Fig 5c where parallel arrays 
of lattice were observed with an interlayer distance of 0.35 nm representing the anatase (101) 
planes. The SAED pattern of TiO2 nanoparticles clearly showed the planes of (101), (004), 
(200), (204), and (211) diffractions which are in good agreement with our XRD findings. The 
TEM images of TiO2/SiO2 1:2.33 BP and SE show a composite configuration consisting of 
crystalline anatase and amorphous silica. Through a close examination of images, the lattices 
of TiO2 nanoparticles can be detected in the composite structures (Figs 5f and 5i). Similarly, 
the SAED reflection pattern of TiO2/SiO2 composites proved the existence of the anatase 
crystalline planes (Figs 5f and 5i insets). The elemental mapping revealed that Ti and Si are 
uniformly distributed and that the isolation approach did not have a tangible impact on this 




Fig 5: SEM and TEM images of synthesized powders, a-c) TiO2 , d-f) TiO2/SiO2 1:2.33 BP, 
and g-i) TiO2/SiO2 1:2.33 SE 
 
Fig 6: Low magnification SEM images and corresponding elemental mappings of a) TiO2, b) 
TiO2/SiO2 1:2.33 BP and c) TiO2/SiO2 1:2.33 SE  
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3.2. Selective degradation of dyes 
It has been demonstrated that TiO2 nanoparticles synthesized through the sol-gel method can 
possess either negative or positive surface charge and show selective photocatalytic activity 
[16, 17]. The solutions containing synthesized powders were mixed for one hour in dark to 
achieve adsorption-desorption equilibrium. It was observed that the synthesized TiO2 and 
TiO2/SiO2 photocatalysts showed completely different behaviors in interactions with dyes 
compared with commercial TiO2 (P-25). After one hour mixing in dark, P-25 nanoparticles 
rendered 5% and 1.4% reduction in the concentrations of MB and MO dyes, respectively. 
While the application of synthesized TiO2 resulted in 61.5% reduction in MB content in the 
solution. The introduction of silica into the system further enhanced the adsorption of MB dye 
in the dark mixing step, where TiO2/SiO2 1:0.43, 1:1, and 1:2.33 showed 94%, 96.5%, and 98% 
MB dye adsorption, respectively (Fig 7). Therefore, increasing the content of silica increased 
the adsorption capacity of photocatalysts leading to more efficient MB dye removal. The 
surface charge of synthesized TiO2 nanoparticles was -30 mV indicating potential electrostatic 
attraction between cationic MB dye molecules and nanoparticles. Whereas the surface charge 
of TiO2/SiO2 1:2.33 BP was -40 mV, implying the presence of more negative surface charge 
on TiO2/SiO2 nanocomposites, hence higher adsorption of MB. For all the synthesized 
photocatalysts, the initial adsorption of anionic MO dye during one hour dark mixing was less 
than 2% indicating the absence of any significant affinity between MO and photocatalysts. The 
TiO2/SiO2 photocatalysts turned blue after mixing in dark with the MB and MO dye mixture 




Fig 7: Selective adsorption of dyes on photocatalysts prepared through BP method after 1 h 
mixing in dark  
In the next step, the mixture solutions of dyes and photocatalysts were illuminated by UVA 
light while stirring to assess their selective photocatalytic activity. P-25 showed the quickest 
performance for decomposing the MB and MO dye molecules; however, no selectivity was 
observed in the photocatalytic activity of P-25 (Figs. 8a and 8b). The lack of selectivity in 
photocatalytic activity of P-25 is related to its highly crystalline structure and high reactivity 
resulting from its well-ordered crystal lattice [16]. The application of TiO2 nanoparticles 
synthesized through the sol-gel method resulted in a selective degradation of dyes (Fig 8c and 
8d). It was observed that only after the reduction of MB dye concentration to a certain level, 
the MO dye started to decompose. The color of TiO2 powders completely turned white again 
after 2.5 h of UV illumination. Both dyes were completely degraded by synthesized TiO2 




Fig 8: Degradation of dyes under UVA with: a and b) P-25, c and d) synthesized TiO2 
nanoparticles  
Fig 9 shows the selective degradation of MB and MO dyes with synthesized TiO2/SiO2 
nanocomposites. The addition of silica increased the uptake of cationic dye on synthesized 
photocatalysts, however, it retarded the photodegradation of MO as an anionic dye. The 
reduction of MO degradation pace in the presence of silica could be due to the stronger 
repulsion force between the nanocomposites surface and the negatively charged MO dye 
molecules [30]. This trend became more obvious with increasing the silica content in the 
nanocomposite systems where at least 8 h of UV illumination was required to completely break 
down MO dye (Fig 9f). Based on our observations, the degradation of MO started only after 
complete decomposition of MB molecules. Further investigations revealed that the selective 
degradation of dyes by nanoparticles synthesized through this method was reproducible for 
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four cycles of treatment. This degree of reusability is comparable with the results reported by 
Escobar et al [31] and Deng et al [45].    
 
Fig 9: Photodegradation of dyes under UVA; a and b) TiO2/SiO2 1:0.43; c and d) TiO2/SiO2 






3.2.1. Effect of contact time and initial concentration of dye on adsorption 
In order to further understand the adsorption process of MB on nanoparticles, a series of 
experiments was conducted to clarify the impacts of contact duration on MB dye concentration. 
Fig 10 illustrates the required time to achieve an equilibrium of dye adsorption on 
nanoparticles. It can be seen that through increasing the concentration of MB dye solutions, 
longer period of time is required to reach to an adsorption equilibrium in the system. It took 
around 20-40 minutes for dyes with concentrations of 2.5-10 mg/L to reach equilibrium while 
MB solutions with higher concentrations (20-30 mg/L) required around 60-90 min to reach the 
equilibrium state. The adsorption capacity of TiO2 nanoparticles increased from around 20 
mgg-1 to just above 100 mgg-1 by increasing the initial dye concentration. The adsorption 
capacity of nanoparticles increased significantly after adding silica and its value further 
increased after increasing the silica content in the system. The maximum adsorption capacity 
for TiO2/SiO2 1:2.33 was above 250 mgg
-1 which was around 2.5 times more than that of TiO2. 
The improved adsorption capacity could be related to attaining more negative surface charge 




Fig 10: The relationship between the adsorption capacities of nanoparticles and contact time 
at various dye concentrations, a) TiO2,  b) TiO2/SiO2 1:0.43; c) TiO2/SiO2 1:1; d) TiO2/SiO2 
1:2.33 
3.2.2. Adsorption kinetics 
The kinetics of MB dye adsorption were explored to further understand the adsorption rate and 
mechanism. Two models of pseudo-first-order (Eq.5) and pseudo-second-order (Eq.6) were 
employed to study the adsorption kinetics of MB dye on synthesized nanoparticles [37, 46]. 
ln(qe-qt) =lnqe - k1t                        (Eq.5) 
t/qt=1/k2qe
2 + t/qe                             (Eq.6)   
Where, qe and qt are the adsorption capacities (mgg
-1) at equilibrium time and at time t, 
respectively. k1 is the adsorption rate constant (min
-1) and its value was calculated from the 
slope of the plots of ln(qe-qt) vs. t (Fig 11). In the pseudo second order equation, k2 and qe 
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values were calculated from the slope and the intercept of the graphs of t/qt vs. t, respectively 
(Fig 12) [37]. It was observed that the correlation coefficient values (R2) calculated from the 
pseudo-second-order plots were closer to unity, than those obtained from pseudo-first-order 
plots (Table 2). The plots of t/qt vs. t were linear indicating a second order nature of adsorption 
process. Also, the calculated adsorption capacities (qe cal) were in good agreement with the 
experimental findings (qe exp) confirming the applicability of the pseudo-second order kinetic 
model for MB adsorption process on the synthesized nanoparticles.  
 
Fig 11: Pseudo-first order kinetics for adsorption of different concentrations of MB on a) 





Fig 12: Pseudo-second order kinetics for adsorption of different concentrations of MB on a) 
TiO2, b) TiO2/SiO2 1:0.43; c) TiO2/SiO2 1:1; d) TiO2/SiO2 1:2.33 nanoparticles  
Table 2: Calculated parameters based on pseudo-first-order and pseudo-second-order kinetic 
models 











2.5 0.025 0.829 0.0171 1 18.47 18.87 
5 0.045 0.864 0.0122 1 42.4 43.48 
10 0.015 0.990 0.0314 1 47.54 47.39 
20 0.024 0.981 0.0008 0.994 85.23 91.74 
30 0.042 0.965 0.0011 0.998 101.8 109.89 
TiO2/SiO2 
1:0.43 
2.5 0.091 0.876 0.0084 0.999 25.4 27.03 
5 0.06 0.953 0.0073 0.999 49.07 50.76 
10 0.015 0.961 0.0023 0.999 67.01 71.43 
20 0.041 0.997 0.0012 0.999 85.7 93.46 





2.5 0.057 0.995 0.0488 1 25.51 25.71 
5 0.032 0.452 0.0891 1 50.49 50.51 
10 0.089 0.937 0.0014 0.997 99.5 107.53 
20 0.049 0.968 0.0002 0.992 165.5 217.39 
30 0.045 0.890 0.0001 0.961 248.5 333.33 
TiO2/SiO2 
1:2.33 
2.5 0.007 0.610 0.0768 1 25.65 25.77 
5 0.059 0.831 0.0337 1 50.73 51.02 
10 0.054 0.984 0.0114 1 100 101.01 
20 0.046 0.997 0.0001 0.986 193.2 263.16 
30 0.007 0.984 0.0001 0.939 264.14 384.62 
 
3.2.3.  The impact of isolation process:  
Apart from the BP method, the SE method was used to extract nanoparticles. This preparation 
route was just tested for TiO2/SiO2 1:2.33. It was observed that after adding the TiO2/SiO2 
nanocomposite to the dye mixture solution, the powders turned orange immediately leaving a 
bluish solution in the vial. This implied the extraction of negatively charged MO dye molecules 
from the solution by synthesized nanocomposites. This observation is in contrast with our 
findings for samples prepared through the BP method. The pace of photodegradation of dyes 
synthesized through SE method was much faster where 2.5 h of UV illumination in total was 
sufficient to complete the discoloration process of both dyes (Fig 13). Given that these particles 
were extracted directly from the acid solutions, their surface charge was positive and the value 
of 23 mV was recorded for TiO2/SiO2 1:2.33 SE powders. After 1 h of dark mixing, a slight 
red shift was observed for the characteristic peak of MO which was related to the higher acidity 
of photocatalyst synthesized through this method. The related peak completely disappeared 
after only 12 min of UV illumination. It was observed that the reduction of MB concentration 
started immediately after complete degradation of MO dye after around 15 min of UV 
irradiation. The selective performance of the sample synthesized through SE method was not 




Fig 13: Removal of dyes under UVA with TiO2/SiO2 1:2.33 SE 
3.2.4. Associated mechanisms in selective photocatalytic activity 
It was demonstrated that the employed methods to synthesize the nanoparticles directly 
affected their selective photocatalytic dye removal performance. In general, some parameters, 
such as specific surface area, crystallinity, and surface charge of nanoparticles, can be effective 
factors in determining the selective behavior of photocatalysts [16, 17]. Among the samples 
synthesized in this study, TiO2/SiO2 1:0.43 had the highest specific surface area and the finest 
pores. However, the associated dye adsorption rate was less than that of the other TiO2/SiO2 
nanocomposites (BP method). This could be due to the inaccessibility of pores to the dye 
molecules during the dark mixing process. As such, these findings show that higher specific 
surface area and finer pores are not critical factors in the initial dye adsorption. With respect to 
crystallinity,  Lazar and Daoud [16, 17] demonstrated that the moderate crystallinity of TiO2 
nanoparticles significantly contributed to the selective and controlled degradation of dyes and 
that calcination hampered the selectivity [17]. Therefore, moderate crystallinity of our TiO2 
nanoparticles can be a contributing factor in the gradual and selective degradation of dyes. The 
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third contributing factor which should be considered is the surface charge of nanoparticles. The 
measurement of the surface charge of nanoparticles proved that the samples isolated through 
BP and SE methods possessed negative and positive surface charges, respectively. After adding 
the nanoparticles to the dye solutions of MO and MB, the nanoparticles prepared by BP method 
adsorbed cationic MB dye molecules while an opposite trend was observed for the samples 
prepared by SE method. Therefore, it is proposed that tuning the surface charge plays a pivotal 
role in the selective dye adsorption and degradation.  
The electrostatic interaction between the surface of nanoparticles and dye molecules was the 
dominant factor in the high affinity of dyes towards the synthesized photocatalysts. The 
sequential discoloration of dyes was achieved by tuning the selective adsorption behavior of 
nanoparticles. It is assumed that through the addition of sodium carbonate to the colloids, the 
suspended nanoparticles acquired negatively charged hydroxyl groups on their surface. This 
hydroxylation process can be the reason behind the selective adsorption of cationic MB dye 
molecules on the surface of TiO2 and TiO2/SiO2 nanoparticles. Conversely, the nanoparticles 
extracted directly from the acidic sols showed an affinity towards anionic MO dyes molecules. 
This was due to the presence of positively charged protons on the nanoparticles surface. 
The presence of silica significantly enhanced the initial dye adsorption on the nanocomposites 
surfaces synthesized by the BP method compared with pure TiO2. This was due to having a 
more negative surface charge on the synthesized nanocomposites in the presence of silica, 
hence a stronger affinity to cationic MB dye. During the discoloration process, the adsorbed 
dye molecules reacted with the free radicals generated by TiO2 nanoparticles under UV 
illumination. Then, the gradual degradation of adsorbed dye molecules provided new vacancies 
on photocatalysts surface for further interactions with other dye molecules. Therefore, only 
after degradation of adsorbed MB dye, the discoloration of MO occurred, resulting in 
sequential discoloration of dyes. These findings corroborated the feasibility of tuning the 
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surface charge of nanoparticles using two different isolation approaches to synthesize 
photocatalysts with selective property.  
4. Conclusion 
Selective photocatalysts of TiO2 and TiO2/SiO2 were successfully synthesized through a low-
temperature sol-gel method. The nanoparticles were extracted from the colloids through two 
isolation routes of base-precipitation and solvent evaporation. The impacts of isolation routes 
and silica content on selective photocatalytic activity, surface charge and surface characteristics 
of the synthesized nanoparticles were investigated. It was demonstrated that the synthesized 
TiO2 nanoparticles had anatase crystallite structure. For TiO2/SiO2 nanocomposites, a uniform 
distribution of Ti and Si atoms was observed. Sequential degradation of MB and MO dyes 
under UVA illumination revealed that the synthesized nanoparticles possessed selective 
photocatalytic activity contrary to non-selective nature of P-25. It was observed that the 
samples prepared through base-precipitation method preferred the degradation of MB dye over 
MO. The synthesized TiO2/SiO2 nanocomposites possessed a higher selectivity compared to 
pure TiO2 nanoparticles. The presence of silica significantly boosted the initial dye adsorption 
and discoloration of MB dye. However, it retarded the photodegradation rate of MO dyes. A 
complete opposite trend was observed for the samples prepared through the solvent-
evaporation route. Although synthesized photocatalysts showed selective functionality, their 
performance dropped after four cycles of use. Therefore, further research is required to 
introduce permanent selectivity to photocatalysts as versatile nanomaterials to tackle 
environmental pollution issues. These findings can in turn pave the way for synthesizing 
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